Abstract-Deadbeat control scheme is widely implemented in the control of power electronics and electrical drives, which is of simplification, rapidity and flexibility. However, owing to its sensitive to model uncertainties and unmodeled dynamics, the practical control performance is severely degraded and sometimes even unstable. Uncertain time delay is a typical case of model uncertainties, which severely deteriorates the control accuracy and dramatically reduce the system stability margin of deadbeat control. In this paper, the time delay effects on the control performance and system stability are investigated. A fractional-order Smith Predictor based solution is proposed to compensate arbitrary time delay with high accuracy, simple structure, and good robustness. The composite control scheme offers accurate time delay compensations in digital implementation and considerably enhances the robustness of the control system, which will effectively promote widespread applications of the deadbeat scheme. An application example of three-phase inverter system is explored to comprehensively illustrate the feasibility and effectiveness of the proposed scheme.
I. INTRODUCTION
Deadbeat control scheme has aroused a great deal of interests in the control of power electronics and electrical drives, which is of simplification, rapidity and flexibility [1] - [8] . As compared with other approaches, it is able to bring zero steady-state tracking errors within minimum number of steps [3] . However, deadbeat approaches are sensitive to model uncertainties and unmodeled dynamics [4] - [8] . Their practical control performance confronts severe degradation problem in the presence of model uncertainties. Therefore, model uncertainties are regarded as challenge issues, which limit widespread applications of deadbeat control in practice.
Among all the factors, the uncertain time delay is considered as a critical one [3] , [9] , [10] . Many reasons lead to the time delay problem in power electronics, such as the time consumed in measurement convention, control law calculation and actuation, as well as unmodeled nonlinearity of the devices. The time delay effects in the closed-loop characteristic equation will result in serious deterioration in control accuracy and dramatic reduction of system stability margin [11] - [13] .
The problem of time delay compensation in deadbeat control for power converters are considered but not solved systematically, by far. A linear phase-lead compensation solution is successfully employed in repetitive control systems to compensate the time delay [14] - [16] . However, it is impractical to be adopted in the conventional deadbeat control frame due to its incausal lead-time item. A state estimator is adopted for compensation of computational delay [3] . Also focused on this problem, another simple design method of two steps forward prediction approach is proposed in the frame of model predictive control [10] , [17] , [18] . In these solutions, computational delay effects are effectively removed and control accuracy is prominently improved. However, as mentioned above, apart from computational delay, many other factors lead to the delay problem in practical systems. In these cases, the above mentioned approaches are not suitable and fail to achieve satisfying control performance. Therefore, a universal delay compensation approach for the deadbeat control schemes should be investigated in practical applications.
The Smith Predictor is known as an effective and powerful delay compensation approach and has been applied in various control systems, e.g., power electronic systems [4] , [19] , remote control systems [20] , and process control systems [21] . It provides insight into how universal delay compensation problem can be effectively solved. However, the conventional integer-order Smith Predictor confronts severe frequency robustness problems in practice. It is sensitive to the ratio of the sampling frequency to the delay frequency. Integer number of delay units ( T being the time delay value. The integer number of delay units with a given sampling rate is not able to accurately compensate a fractional time delay, and degrades the compensation performance, especially in the low sampling frequency cases [15] , [22] . It is inflexible to change the system sampling rate in the real-time power converter systems to achieve a better time delay compensation performance [22]- [25] . Addressing it, a fractional-order Smith Predictor based universal delay compensation approach for deadbeat control is proposed in this paper. In the presented scheme, arbitrary time delay values are approximated accurately by fractionalorder Smith Predictor, which shows a nice frequency robustness. By combining with the universal delay compensation, it is able to achieve high control accuracy and superior robustness performance, which effectively promotes widespread applications of the deadbeat control schemes in practical systems. Comprehensive analysis and synthesis method for the proposed control system are given. Simulation verifications of the proposed control scheme on three-phase inverter systems are carried out to demonstrate the feasibility and effectiveness of the proposed scheme under various time delay scenarios.
II. UNIVERSAL COMPENSATOR DESIGN FOR ARBITRARY TIME DEALY

A. Unifie Conventional Smith Predictor Based Solution
In the presence of time delay, the conventional deadbeat control approaches fail to achieve satisfying control performance. Smith Predictor has been proved to be an effective delay compensation solution. The implementation of conventional Smith Predictor based control approach is illustrated in Fig. 1 , where
With the application of Smith Predictor, it is easy to observe that the system stability is guaranteed by separating time delay part from the nominal system. Time delay effects are removed from the closed-loop characteristic equation, which improves the system stability margin without sacrificing the dynamic performance. Therefore, the block diagram in Fig. 1 can be simplified into the nominal control system with a pure time delay term, as shown in Fig. 2 Despite the benefits mentioned above, there is a main frequency robustness problem of conventional integer-order Smith Predictor in digital implementation, which constrains the delay compensation performance in practical power electronics.
B. Fractional-Order Smith Predictor
When facing mismatches between time delay d T and sampling rate 1 / s T , there will always confront severe frequency robustness problem. In this case, the integer number of delay units with a given sampling rate is not able to accurately compensate a fractional time delay and degrades the performance, especially in the low sampling frequency cases.
In the fractional time delay case, assuming that the delay units can be expressed as The fractional delay part F z can be constructed as follows:
where 0,1,..., k p and the coefficient k A can be obtained as: 0, , ( , 0,1,..., ).
In order to demonstrate the approximation accuracy of the fractional delay Fig. 3 . It is seen that the constructed fractional delay part is of high approximation accuracy at low frequency within the bandwidth of 50% of the Nyquist frequency for the filter of order 1 p and within the bandwidth of 61% for order 2 p . Within this pass band, arbitrary time delay can be accurately compensated by the fractional-order Smith Predictor, which shows a nice frequency robustness. Specifically, in practical applications, for keeping a balance between simplify and approximation accuracy, the degree p is usually chosen as 2 p . In this case, a linear interpolation polynomial Fig. 1 . Implementation of conventional Smith Predictor based control approach. Fig. 2 . The equivalent control system of the delay compensation based deadbeat control. 
III. CASE STUDY OF A THREE-PHASE INVERTER SYSTEM
A. Modeling Three-Phase PWM Inverter
The electrical dynamics model of a three-phase PWM inverter with resistor loads in Fig. 4 can be described as follows: 
where
The sampled-data form of (6) can be derived: 
B. Design of Fractional-Order Smith Predictor Based
Deadbeat Controller According to the theory in Section II, the digital controller for three-phase PWM inverter is comprised of two parts: a conventional deadbeat controller and a plug-in fractionalorder Smith Predictor.
1) Conventional deadbeat controller:
For the inverter system (7), the deadbeat controller is designed as follows: 
2) Fractional-order time delay compensation: In practical applications, the performance of conventional deadbeat controller confronts severe performance degradation problem in the presence of model uncertainties, especially the uncertainty time-delay. Moreover, for keeping a balance between simplify and approximation accuracy, the degree p of the fractional-order Smith Predictor is usually chosen as 2. Therefore, a fractional-order Smith Predictor can be plugged into the conventional inverter to overcome the time-delay problem as follows:
where p G z is the estimation system plant.
In order to more clearly show the proposed universal delay compensation based deadbeat current control approach, implementation of the proposed scheme are illustrated in Fig. 5 .
3) Simulation results:
The robustness performance of the proposed composite control solution is tested on the inverter system in the presence of various time delay cases. Nominal values of the inverter circuit parameters are given in Table 1 . Table 1 and 6, respectively, where 5 and 6 are the two nearest integer numbers to the fractional number 5.6. It can be seen that, with the delay compensation, the system tracking performance is significantly improved than that in Fig. 6(c) . Moreover, the proposed fractional-order time delay compensation achieves much better tracking accuracy than the conventional approaches, as shown in Fig. 7(b) . Performance validations with up to ±50% of parameter uncertainties are also investigated in this case. It can be observed that the load resistance uncertainties have only small effects on the tracking accuracy. However, when considering the effects of inductance L and capacitor C, there are large impacts on the predictive accuracy of the load current. The root mean square (RMS) errors of proposed approach with delay compensation are almost at the same level with no time delay case, as shown in Fig.   7(c) . In practical inverter system, it is impossible for the system parameters to have such a large range of uncertainties as studied in this case. But even so, measures to minimize the performance degradation and simplify the implementation should be investigated. In order to minimize the effects of parameter uncertainties, it is better to neglect the resistance uncertainties and select an overestimated inductance value in implementation.
IV. CONCLUSION
In this paper, a fractional-order Smith Predictor based universal delay compensation approach is developed for voltage control of a three-phase inverter system to provide a general time delay compensation design. With the proposed unified solution, arbitrary time delay effects can be accurately approximated and compensated in the deadbeat framework. The full potential of deadbeat schemes in control accuracy and implementation simplicity can be realized, which will effectively promote widespread applications of the deadbeat schemes in practical systems. A series of case studies are carried out to demonstrate the feasibility of the proposed current control controller in a three-phase inverter system. They have shown high tracking accuracy, good transmit response, and robust time delay adaptation performance. The proposed simple but effective fractional-order time delay compensation solution can be applied without major changes to other types of control strategies. 
